Here we show a role for Eph and ephrin signaling in the patterning of presomitic mesoderm and formation of the somites. Ephrin-A-L1 and ephrin-B2 are expressed in an iterative manner in the developing somites and presomitic mesoderm, as is the Eph receptor EphA4. We have examined the role of these proteins by injection of RNA, encoding dominant negative forms of Eph receptors and ephrins. Interruption of Eph signaling leads to abnormal somite boundary formation and reduced or disturbed myoD expression in the myotome. Disruption of Eph family signaling delays the normal down-regulation of her1 and Delta D expression in the anterior presomitic mesoderm and disrupts myogenic differentiation. We suggest that Eph signaling has a key role in the translation of the patterning of presomitic mesoderm into somites.
The subdivision of paraxial mesoderm into somites is the initial mesodermal segmentation event of vertebrate development. The formation and differentiation of somites is the result of three distinct processes: prepatterning of the mesoderm, boundary formation, and patterning within the somite itself. Several lines of evidence suggest that the presomitic mesoderm is prepatterned into metameric subunits (Gossler and Hrabe de Angelis 1998) . Recently, molecular evidence for segmental subdivision of the presomitic mesoderm has been obtained. The basic helix-loop-helix (bHLH) transcription factors her1 and c-hairy-1 are expressed dynamically in the presegmental somitic plate of zebrafish and chick, respectively (Muller et al. 1996; Palmeirim et al. 1997) . Their expression patterns suggest that these genes function in the establishment of a segmental pattern within this region of the embryo, although it is not clear at this stage whether these genes function in the same way. The transcription factor MesP2 is also required for normal segmentation (Saga et al. 1997) . The second process of somite development involves the translation of the segmental prepattern into the morphogenetic changes that accompany formation of the somite boundaries. Recently a number of studies have shown that NotchDelta intercellular signaling is involved in boundary formation; altering the function of Notch or Delta by loss and gain of function leads to abnormal somite formation. Finally, the somites themselves are patterned and differentiation events take place (Gossler and Hrabe de Angelis 1998) .
Intercellular signaling is one of the processes that underlies segmentation in vertebrate embryos. The Eph family of receptor tyrosine kinases are cell surface molecules shown to have a role in intercellular signaling and patterning of the neural tube . Several Eph receptors and ephrins are expressed in the somites (Bergemann et al. 1995; Scales et al. 1995; Flenniken et al. 1996; Gale et al. 1996; Cooke et al. 1997) . Ephrins can be divided into two classes according to their method of membrane attachment; class A ephrins have a glycosyl-phosphotidyl-inositol (GPI) linkage and class B ephrins are transmembrane proteins capable of transducing a signal into the expressing cell Bruckner et al. 1997) . Eph receptors can also be divided into two classes according to their binding preferences such that EphA receptors bind class A ephrins, whereas EphB receptors recognize class B ephrins. Several groups have demonstrated that in vitro binding within these classes is promiscuous and any class A receptor can bind any class A ephrin Gale et al. 1996) . Using injections of RNA encoding fulllength or truncated forms of EphA4 into zebrafish eggs we have demonstrated a role for the Eph family in hindbrain segmentation and forebrain patterning (Xu et al. 1995 (Xu et al. , 1996 . A similar approach has been used to demonstrate the role of the Eph family in neural crest migration in Xenopus (Smith et al. 1997) . As binding is promiscuous between different members of the same subclass, high level ectopic expression of a dominant negative form of a class A protein would be expected to interfere with signaling to all class A receptors. This could be achieved by the ability of the dominant negative receptor to bind to endogenous type A ligands, preventing them from binding to endogenous receptor, or by heterodimerization. As soluble forms of ephrins can bind receptors but do not cause activation, these act as receptor antagonists (Krull et al. 1997) . Thus, injection of RNA to encode dominant negative forms of a class A and class B receptor and a soluble class A and class B ephrin will give an indication of the role of the Eph family in any particular developmental process.
We have isolated a class A ligand of uncertain homology, ephrin-A-L1, and ephrin-B2 in zebrafish and we demonstrate here their expression in the somites. We injected RNA encoding soluble forms of these ligands and dominant negative forms of the class A receptor EphA4 and a class B receptor of uncertain homology Eph-B-rtk8 (Cooke et al. 1997) to investigate the role of the Eph family in somite development. We show that disruption of Eph signaling results in the abnormal formation of somite boundaries.
Results

Cloning of zebrafish ephrin class A ligand L1, ephrin-B2, and Eph class B receptor rtk8
Fragments of the two ligands ephrin-A-L1 and ephrin-B2 were isolated by PCR amplification of a zebrafish neurula stage cDNA library. The degenerate primers used for the PCR were complimentary to conserved regions within ephrin-A1 (Bartley et al. 1994 ) and ephrin-A5 (Winslow et al. 1995) for ephrin-A-L1, and ephrin-B2 (Bergemann et al. 1995) and ephrin-B1 (Fletcher et al. 1994) for ephrin-B2. cDNAs containing complete open reading frames were isolated for these ephrins by screening the neurula stage cDNA library with the PCR fragments. Sequence comparisons showed both ephrin-A-L1 and ephrin-B2 to contain the four conserved cysteine residues in the putative receptor-binding region characteristic of the ephrin family. Ephrin-A-L1 also has a GPI linkage signal indicating that this is a class A ephrin, and ephrin-B2 has a transmembrane domain showing that this is a class B ephrin (Fig. 1) . Ephrin-A-L1 is not necessarily the ortholog of any higher vertebrate ephrin, but it shows most homology to ephrin-A1 (59% similar and 48% identical at the amino acid level). Zebrafish ephrin-B2 is 66% identical to and 83% similar to mouse ephrin-B2 at the amino acid level.
The full-length EphB-rtk8 coding region was isolated by screening a zebrafish 3-15 hr cDNA library with a fragment from a previously isolated EphB-rtk8 partial cDNA (Cooke et al. 1997 ; Fig. 1) . It is not possible to determine the higher vertebrate ortholog of EphB-rtk8, although it shows greatest homology to EphB4 (60% identical and 70% similar at the amino acid level).
Ephrin-A-L1, ephrin-B2, and EphA4 are expressed in the somites as they form
The expression patterns of ephrin-A-L1 and ephrin-B2 were investigated by in situ hybridization, and both are expressed in the somites as they are formed (Fig. 2) . Ephrin-B2 expression is first seen in the germ ring of 30%-60% epiboly embryos ( Fig. 2A) . In bud stage embryos ephrin-B2 transcripts are detected in three stripes in the paraxial mesoderm, and in a stripe in the presumptive hindbrain (Fig. 2B) , and other regions of the anterior neural plate (data not shown). At the two-somite stage four stripes of ephrin-B2 expression are seen in the paraxial mesoderm, two of which are in the presomitic mesoderm (Fig. 2C) , and in the tailbud. By six somites, ephrin-B2 is expressed in the posterior region of the formed somites and in two or three stripes in the rostral presomitic mesoderm. These presomitic expression domains correspond to posterior domains of the most rostral presumptive somites (Fig. 2D) . As the somites differentiate, the anteroposterior restriction of ephrin-B2 expression is lost, and ephrin-B2 is found in a lateral domain. From 16 somites ephrin-B2 expression is further restricted to dorsal and ventral lateral regions within the most anterior somites. From 24 somites loss of ephrin-B2 expression is initiated in an anterior to posterior wave. By prim-5 (24 hr after fertilization) only the most posterior somites still express ephrin-B2.
Expression of ephrin-A-L1 is first seen at 60%-70% epiboly in the epibolizing margin and in the hypoblast. Expression is higher on the ventral than the dorsal side of the embryo (Fig. 2E) . At 90%-100% epiboly ephrin-A-L1 is still detected around the margin with stronger expression on the dorsal side in the presumptive tailbud and with weak expression in cells on either side of the presumptive notochord (Fig. 2F) . Between the one-and fivesomite stages ephrin-A-L1 transcripts are detected in the tailbud and adaxial cells and weakly in stripes in the somitic mesoderm and throughout the most rostral presomitic mesoderm (Fig. 2G ). During these stages ephrin-A-L1 expression is also detected in individual paired cells in the neural tube and around the pillow. From the six-somite stage ephrin-A-L1 is expressed more strongly in the posterior region of the formed somites (Fig. 2H) . After the completion of somitogenesis ephrin-A-L1 expression is lost progressively in an anterior-to-posterior wave in a similar fashion to that seen with ephrin-B2.
Because several members of the Eph family in zebrafish and other species are expressed in the somites we investigated the expression of the other known zebrafish members of the Eph family in the somites and the presomitic mesoderm. The expression of three other Eph ligands (ephrin-A-L2, ephrin-A-L3, and ephrin-A-L4; Brennan et al. 1997; Macdonald et al. 1997 ) and nine receptors (Eph-rtk 1-8, and EphA-Zdk; Xu et al. 1994; Taneja et al. 1996; Cooke et al. 1997 ) was determined by in situ hybridization during gastrula and somite stages.
Of the receptors examined only EphA4 expression is detected in the presomitic mesoderm and forming somites throughout somitogenesis. Transcripts for EphA4 are first detected in the region of the somites in one-somite stage embryos. At this stage a stripe of expression in a position corresponding to the somite boundary is seen (Fig. 2I) . In three-somite embryos four or five stripes of EphA4 expression can be detected in the presomitic and somitic mesoderm. The most posterior of these expression domains corresponds to anterior domains within the anterior presumptive somites (Fig. 2J and Fig. 7A , below). The other stripes of expression correspond to domains in the anterior of the somites that have already formed. EphA4 is strongly expressed in the adaxial cells during early somite stages, and is detected throughout the posterior paraxial mesoderm.
Of the nine receptors and five ligands studied only ephrin-A-L1, ephrin-B2, and EphA4 were detected in a segmental pattern in the presomitic mesoderm. The spatially restricted expression of these genes within the presomitic mesoderm is suggestive of a role in somite formation. The expression of ephrin-B2 and EphA4 in the presomitic mesoderm is indicative of an anteroposterior prepattern within the presumptive somite.
Ephrin-B2 binds to EphB-rtk8 and EphA4, whereas ephrin-A-L1 binds to EphA4 but not EphB-rtk8
Before functional studies we assessed the binding characteristics of ephrin-A-L1, ephrin-B2, and EphA4. Fusions of Eph family members with alkaline phosphatase (AP) were used to investigate the binding of these pro- teins in vitro in cell culture and in embryos. Ephrin-A-L1-AP bound to Cos cells transfected with EphA4, but did not bind to cells transfected with EphB-rtk8 (Fig.  3A,B) . Ephrin-B2-AP bound to cells transfected with either EphB-rtk8 or EphA4 (Fig. 3C,D) , a result consistent with the binding characteristics of mouse EphA4, which has been shown previously to bind to B class as well as A class ephrins . Both EphA4 and EphBrtk8 are capable of binding to ephrin-B2, which is strongly expressed in the presumptive somites from as early as 100% epiboly. Overexpression of dominant negative constructs of either of these genes would be expected to interfere with ephrin-B2 function in this area of the embryo. EphA4 but not EphB-rtk8 is capable of binding to ephrin-A-L1 and dominant negative forms of EphA4 would also interfere with signaling mediated through this ligand.
Because of the promiscuity of binding shown by members of the Eph family, AP fusion proteins used on embryos find all unbound receptor or ligand molecules of the appropriate class . To determine whether ligands bound to domains in which no known receptors are expressed, or vice versa, we determined the in situ pattern of representative AP fusion proteins for each ligand and receptor class. The class B receptor AP protein (EphB-rtk8-AP) gave a binding pattern within the somites with similar temporal and spatial characteristics as ephrin-B2 expression (Fig. 3G) . The class A receptor-AP (EphA-rtk6-AP) gave a binding pattern within the presomitic mesoderm and somites of 95% epiboly to six-somite stage embryos with similar onset and spatial characteristics as ephrin-A-L1 expression (Fig. 3E,F) . Neither the class A (ephrin-A-L4-AP, ephrin-A-L3-AP, or ephrin-A-L1-AP) nor the class B (ephrin-B2-AP) ligand AP fusion proteins show any binding in the somites above background levels, despite giving specific binding patterns in other regions of the embryo consistent with the known expression profiles of Eph family receptors. It would be predicted from in vitro-binding studies that both the class A and B ephrin-AP proteins would recognize and bind to any available EphA4 in the forming somites. However, the expression of EphA4 in this region is much weaker than in the axial mesoderm or neuroectoderm (Fig. 2I,J) , and also weaker than the expression levels of ephrin-B2 and ephrin-A-L1 in the paraxial mesoderm, making detection difficult. Protein levels could also be relatively low, leaving little free receptor once it has interacted with its endogenous ligands. It is also possible that endogenous alkaline phosphatase activity, which is particularly difficult to eliminate from within the presomitic mesoderm and somites compared to other regions of the embryo, prevents the detection of low levels of protein in this region.
The results of these AP fusion-binding studies are consistent with the genes already identified, ephrin-A-L1, ephrin-B2, and EphA4 being the only members of the Eph family that are expressed in the developing somites, but does not rule out the possible existence of other members with very similar expression profiles.
Interference of Eph family signaling affects somite formation and differentiation
To study the roles of EphA4, ephrin-A-L1, and ephrin-B2 in somitogenesis, truncated and wild-type forms of these genes and of EphB-rtk8 were overexpressed by injecting capped RNA into one cell of 1-to 4-cell stage zebrafish embryos. Truncated EphA4 (EphA4DN), which lacks the intracellular tyrosine kinase domain, has been used previously to study the role of EphA4 in forebrain and hindbrain development (Xu et al. 1995 (Xu et al. , 1996 . Truncated Eph-B-rtk8 (EphB-rtk8DN) was constructed in a similar manner. Soluble forms of ephrin-A-L1 (ephrin-A-L1-Tru) and ephrin-B2 (ephrin-B2-Tru) were also constructed. Another truncated form of ephrin-B2 was also constructed (ephrin-B2-Ic), which has a transmembrane domain but lacks the intracellular domain. This construct should bring about clustering and activation of receptors on binding, but should be incapable of transducing a ligand-dependent signal into the cell expressing the ligand construct.
Overexpression of these constructs predicted to interfere with Eph signaling disrupted somite formation, as did injection of full-length ephrin-B2 (ephrin-B2-WT) (Fig. 4) . Control injections of ephrin-B2 or ephrin-A-L1 constructs that lacked the secretion signal sequence or ␤-galactosidase did not cause any disturbance of somitogenesis. With the injection of any particular species a variety of phenotypes were seen, ranging from the most severe in which somites failed to form, to weaker ones where segmentation produced abnormal shaped somites that were not symmetrical across the midline (Fig. 4A,B) . In these weaker cases small extra somites were sometimes seen (Fig. 4D ). The number of embryos showing a somite defect, and the severity of this phenotype, depended on the amount of RNA injected. Typically, amounts of RNA were injected that gave 40% embryos showing a weaker phenotype and 7% showing a more severe phenotype for the truncated receptors and soluble ligands; and 60% embryos showing weaker defects and 12% showing more severe ones for ephrin-B2-WT. These variations correspond to the differences in the amount of protein made in vivo from the different constructs (discussed later). It was impossible to distinguish between the phenotypes seen on the injection of the different constructs. It is unclear why both loss of border formation and ectopic boundaries (extra somites) were seen in all cases, as not enough is known of the molecular details and intracellular signaling pathways of Eph receptors and ligands.
Examination of the presomitic mesoderm and somites at the cellular level in injected embryos using the actin stain phalloidin reveals the incorrectly formed somites produced in injected embryos showing a weaker phenotype (Fig. 4D) . In normal somites boundaries are symmetrical across the midline and characterized by the presence of columnar epithelial cells on either side of the furrow, whereas cells within the body of the somite are mesenchymal in appearance (Fig. 4C) . Five-or six-cell diameters make up the width of the somite along the anteroposterior axis. After the injection of dominant negative constructs of Eph receptors or of soluble ligands the morphology of the somite was disrupted. Where somites formed but were shaped abnormally, the cells at the boundaries showed epithelial morphology. In some cases small groups of cells were seen with the cellular morphology of somites but isolated from the midline by the existence of boundary cells on all sides (Fig. 4D) . In experimental embryos defects in intersomitic furrow formation could be seen morphologically at all stages of somitogenesis, and persisted later in development (up to 28 hr postfertilization). The defects in somite morphology did not derive from an increase in cell death as de- . Staining of cells indicates that the ligand binds to the expressed receptor. Both ephrin-A-L1 and ephrin-B2 can bind to EphA4 (A,C), but only ephrin-B2 can bind to EphB-rtk8 (B,D). The presence of class A and B ephrins within the somites was investigated in situ using an AP-tagged protein representative for each of the receptor classes. Dorsal views, anterior is to the left (except in E where anterior is to the top). EphA-rtk6-AP binding to 95% epiboly (E) and six-somite (F) embryos is shown, and EphB-rtk8-AP binding to two somite embryos (G). The resulting binding patterns look very similar to the expression patterns of ephrin-A-L1 and ephrin-B2, respectively, at comparable stages (Fig. 2C,F,H) . Bars, 100 µm.
termined by Nomarski optics, where dying cells have an increased refractive index, (Fig. 4A,B) , and TUNEL labeling (data not shown).
Differentiation of somitic cell types as well as boundary formation was affected by disruption of Eph signaling. The commitment of cells to the myogenic lineage is characterized by their expression of the myogenic family of bHLH transcription factors, of which myoD is a member. The segmental expression of myoD was lost in embryos showing the most severe somite phenotypes (Fig.  4E) , and was distributed abnormally in embryos showing a weaker phenotype (Fig. 4F) . The small somite-like grouping of cells seen by phalloidin staining were also visible in the myoD expression pattern suggesting that these small groups of cells behave as somites.
Expression of myoD in the adaxial cells was not affected. Adaxial cells are specified by signals from the midline structures before somite formation (Devoto et al. 1996; Blagden et al. 1997 ), and they are specified normally in zebrafish somite mutants in which boundary formation and segmental myoD expression are disturbed (van Eeden et al. 1996) . The Eph family does not appear to be required for adaxial cell specification.
Somite defects in the embryo correspond to the localization of protein produced from injected mRNA
Analysis of protein distribution demonstrated that somite defects were localized to sites of ectopic protein production. The use of the AP fusion proteins gave an indication of the amount and localization of active available protein in the embryos after injection of the various constructs (Fig. 4G) . After the injection of RNA at a concentration that results in 30%-40% of embryos showing a somite defect, protein was detected at a concentration of 0.5-0.75 ng bound AP/10 embryos for dominant negative receptors and 1.5-2 ng bound AP/10 embryos for soluble ligands. This is consistent with models of receptor occupancy, where a higher concentration of ligand is required to compete with endogenous protein. A protein level of 0.1-0.2 ng bound AP/10 embryos was obtained after injection of full-length receptor constructs at RNA concentrations that had no effect on somite formation. At higher concentrations of injected RNA severe defects in gastrulation were observed (data not shown). The spatial distribution of the ectopic protein was determined at 70% epiboly, two somites, and ∼10 somites. Protein made from the injected RNA species was found in patches in the embryo throughout the period studied. By 10 somites the protein was found on one side of the embryo or in discrete patches. Where protein was detected in the somites, the development of the somites was abnormal (Fig. 4G) . Therefore, protein made from injected RNA species was found in the embryo at the stages at which the phenotype described is seen, and in a distribution that corresponds to the site of the defects.
Somite defects can be rescued by coinjecting with full-length receptor
If somite defects are caused specifically by the interfering versions of Eph receptors or ephrins, then it should be possible to reduce the severity of the defects by competing with wild-type forms of the proteins. Coinjection of RNA encoding either full-length EphA4 or EphB-rtk8 with ephrin-B2-Tru reduced the percentage of defective embryos compared to injection of ephrin-B2-Tru alone (Table 1 ; Fig. 5A,B) . Similarly, coinjection of EphA4 was able to rescue the defects caused by injection of ephrin-A-L1-Tru (Table 1) . At concentrations effective in rescuing ephrin-B2-Tru-induced defects, EphB-rtk8 was unable to rescue defects caused by ephrin-A-L1-Tru (Table  1 ; Fig. 5C,D) . These results are consistent with the receptor-binding profiles determined in vitro and indicate that the somite phenotypes seen in embryos injected with ephrin-A-L1-Tru and ephrin-B2-Tru are attributable to disruption of endogenous Eph family signaling. To ensure that when two species of RNA were injected both were translated we determined the protein levels of ephrin-A-L1-tru and EphB-rtk8 in embryos that had been injected with RNA encoding these two proteins in isolation or when coinjected. The protein levels determined were 0.28 and 0.30 ng bound AP/10 embryos for ephrin-A-L1-Tru and 0.50 and 0.63 ng bound AP/10 embryos for EphB-rtk8 in isolation and when coinjected, respectively. This suggests that rescue by coinjection of two different RNA species, at these concentrations, does not result from an overloading of the translation machinery and a reduction in the level of active protein. Therefore, the observed defects in somitogenesis are a specific result of interfering with Eph family signaling.
Eph family signaling is required for the regulation of her1, Delta D, and paraxis expression in the presomitic mesoderm
To determine whether the somite defects derived from the effects of exogenous Eph proteins during gastrulation, in situ hybridizations with probes to no tail (ntl), snail1 (sna1), and her1 were carried out on injected embryos between the stages of 60% and 90% epiboly. Ntl and sna1 are expressed in the germ ring and involuting mesoderm during gastrulation (Schulte-Merker et al. 1994; Thisse et al. 1994 ) and, therefore, are good indicators of the normal progress of gastrulation. The expression patterns of these two genes and of her1 were normal during these stages (data not shown), indicating that gastrulation was not disrupted in injected embryos and that mesoderm migration was unaffected.
During the late stages of gastrulation, 75%-100% epiboly, her1 is restricted to a segmental prepattern. This was also seen in injected embryos showing that the segmental prepattern is laid down correctly in injected embryos. However, from bud stage her1 expression was disturbed in injected embryos, the anterior stripe of ex- In all cases, RNA encoding ␤-galactosidase was co-injected. Full-length receptors do not give a somite phenotype (S-ab), whereas the truncated ligands ephrin-B2 and ephrin-A-L1 do. When mixed together and injected the RNAs show different patterns of rescue. The phenotype generated by the truncated form of ephrin-B2 is rescued by both EphA4 and EphB-rtk8, which is consistent with this ligand being able to bind to both of these receptors. In contrast, the phenotype produced by the truncated ephrin-A-L1 is rescued by EphA4 but not by EphB-rtk8, again matching the predictions of the AP fusion ligand and receptor binding studies. pression was regulated consistently abnormally in experimental embryos (Fig. 6B,C) . The expression patterns of genes known to be involved in somite formation, her1, Delta D, and paraxis (par1), and patterning, FGF-8, were examined in injected embryos at the 8-to 12-somite stage when defects in boundary formation were clearly visible. The analysis of all markers was carried out for embryos in which the ephrins ephrin-B2-WT, ephrin-B2-Tru, ephrin-B2-Ic, or ephrin-A-L1-Tru and the receptors EphB-rtk8DN or EphA-4DN had been overexpressed. The results were essentially the same for each of these cases and representative embryos are shown in Figure 6 . The severity and number of embryos affected varied between different injection experiments depending on the amount of RNA injected and ectopic protein produced in vivo. The disruptions seen in the expression of the marker genes reflected the number and degree of morphological defects observed within each experimental batch of embryos.
At the 8-to 12-somite stage in control embryos her1 is expressed in two or three stripes in the presomitic mesoderm that correspond to the primordia of alternating odd numbered somites ( Fig. 6D ; Muller et al. 1996) . The effects of RNA injections on her1 expression varied; in some cases irregularly shaped stripes or small patches of her1 expression were found (Fig. 6E) , and in others the expression was disrupted and shifted anteriorly by the distance of approximately one band of her1 expression (Fig. 6F) . However, expression of her1 was maintained caudally in the tail bud. Somites failed to form in embryos with an extra band of her1 expression.
In control 8-to 12-somite embryos zebrafish Delta D is expressed at high levels in one or two stripes in the anterior presomitic mesoderm, at a lower level in the anterior of each of the formed somites and in the extending tailbud (Fig. 6G,J ; Dornseifer et al. 1997) . In experimental embryos expression of Delta D was disrupted and shifted anteriorly in regions where somite formation had been disturbed but was not affected in the tailbud (Fig.  6H,I,K) . In embryos that failed to segment an extra stripe of Delta D expression was seen anterior to its normal expression domain on the injected side (Fig. 6I,K) .
A zebrafish paraxis gene, par1, has been cloned recently (Shanmugalingam and Wilson 1998) . In control embryos par1 expression is detected uniformly throughout the presomitic mesoderm but after somite formation it is stronger in an anterior domain of each somite (Fig.  6L ). This expression pattern is similar to that described for the mouse homolog (Burgess et al. 1995) . Injected embryos showing a somite phenotype also had a disrupted par1 expression pattern; in regions where somites failed to form par1 expression was not restricted to its usual segmental pattern, but remained expressed uniformly, as in the presomitic mesoderm (Fig. 6M) .
These results suggest that Eph signaling is not required for the establishment of the segmental prepattern in the paraxial mesoderm. However, disruption of Eph signaling does affect the regulation and switching off of both her1 and Delta D in the anterior presomitic mesoderm, as well as the regulation of par1 gene expression.
As an indication of anteroposterior patterning within the disrupted somites in situ hybridization with probes for FGF-8 or myoD as performed. At the 10-somite stage FGF-8 is expressed throughout the anterior presomitic mesoderm and becomes restricted to an anterior domain of cells in the formed somites (Fig. 6N) . In injected embryos FGF-8 expression was restricted to an anterior domain even within the abnormally shaped somites (Fig.  6O) . Also in the affected somites myoD expression was detected in a posterior domain as is the case in normally formed somites at these stages (see Fig. 4F ). These results indicate that the anteroposterior patterning within the somites is not affected by disruption of Eph signaling.
Relationship between EphA4, ephrin-B2, and her1 expression Because the timing of the defects in her1 expression corresponded to the onset of segmental expression of EphA4 and ephrin-B2 in the presomitic mesoderm, we investigated in more detail, the relationship between her1 expression and these genes. Double in situ hybridizations with probes for EphA4 plus ephrin-B2, her1 plus EphA4, and her1 plus ephrin-B2 were undertaken in control embryos (Fig. 7) .
ephrin-B2 and EphA4 are expressed in alternating stripes in the somites and presomitic mesoderm with EphA4 being in the anterior cells of each somite and ephrin-B2 in the posterior cells (Fig. 7A) . There is an interface between these expression domains within each somite and within the most anterior presumptive Figure 7 . Relationship of ephrin-B2, EphA4, and her-1 expression in the anterior presomitic mesoderm and posterior somites. Embryos were hybridized with digoxigenin-and fluorescein-labeled antisense RNA probes. Dorsal views, anterior is to the top, of six-somite (A,B,C,D,E,G) and five-somite (F) stage embryos. (A) EphA4 (blue) is expressed in an anterior domain of the formed somites and most anterior presumptive somites, whereas ephrin-B2 (red) is expressed in a posterior domain of these segments (lines mark the two most posterior somite boundaries). In the anterior presomitic mesoderm a row of nonexpressing cells is found at the position where the next somite boundary will form (arrow). (B,D,E) ephrin-B2 (blue) and her-1 (red) expression. Her1 expression is lost in an anterior to posterior direction in the most anterior presumptive somite (line marks the last formed somite boundary), which corresponds with the posterior expansion of the ephrin-B2 expression domain in the same region, such that cells expressing both genes are seen (arrow in B). Expression of ephrin-B2 is seen between the two most anterior stripes of her1 expression (arrowhead in B). (C,F,G) EphA4 (blue) and her-1 (red) expression. EphA4 and her1 expression are not seen juxtaposed in the anterior presomitic mesoderm (line marks the last formed somite boundary). Low level expression of EphA4 is also seen throughout the paraxial mesoderm (stars in F and G). somites. EphA4 and ephrin-B2 expression domains also meet where boundaries have formed. However, within the presomitic mesoderm, at the position where the next somite boundary is to form, there is a single row of nonexpressing cells between the ephrin-B2 and EphA4 expression domains. ephrin-B2 expression expands caudally such that once a somite has formed there is no longer a gap between the expression of these two genes.
Her1 is expressed in bands of cells of one somite width in the presomitic mesoderm alternating with regions of similar width devoid of her1 expression. These bands of expression correspond to somitic primordia (Muller et al. 1996) . As the presumptive somite develops, her1 expression is lost in an anterior to posterior direction (Muller et al. 1996 ; Fig. 7) . The expression and subsequent caudal expansion of ephrin-B2 within the presomitic mesoderm corresponds to the timing of the reduction in her1 expression within its most anterior domain and cells coexpressing both genes are seen (Fig. 7B,D,E) . EphA4 is expressed in the anterior of the formed and the most anterior-forming somites. The distance between the EphA4 and her1 expression domains varied significantly as a result of her1 being expressed only in alternate somite primordia (Fig. 7C,F,G) .
Discussion
The results presented here demonstrate a role for Eph signaling in the formation and differentiation of somites. We demonstrate the iterative expression of members of this family within the presomitic and somitic mesoderm and illustrate that interfering with Eph signaling leads to loss or incorrect formation of somite boundaries and disruption of myogenic differentiation. The defects in boundary formation are reminiscent of those reported on disturbance of Notch/Delta signaling (Conlon et al. 1995; Dornseifer et al. 1997; Jen et al. 1997 ) and disruption of Eph signaling prevents the correct regulation of Delta D expression in the developing somites. These results suggest that Notch/Delta signaling and Eph signaling may function together to establish somite boundaries. We have investigated the mechanism underlying the somite defect with regard to the segmental pattern as illustrated by her1 expression. The results show that the establishment of this segmental pattern is unaffected by disruption of Eph signaling, rather it is the translation of the prepattern into somites that is disturbed.
Eph signaling affects the translation of the segmental prepattern into somites
Evidence for the existence of a segmental pattern within the presomitic mesoderm came from embryological experiments including transplantation of presomitic tissue in chicks and heat shock of Xenopus embryos (Keynes and Stern 1988; Gossler and Hrabe de Angelis 1998) . These results suggest that the process of segmentation is organized in the presomitic mesoderm before the somite boundaries are formed. Recently molecular evidence for the existence of this presomitic segmental pattern has been obtained. Homologs of the Drosophila pair-rule gene hairy, which is involved in embryonic segmentation, have been cloned in zebrafish, her1, and chick, chairy-1. her1 is expressed in stripes in the presomitic mesoderm that correspond to alternate somite primordia (Muller et al. 1996) , whereas c-hairy-1 has a dynamic expression pattern that passes through a characteristic cycle during the formation of each somite (Palmeirim et al. 1997) . How the segmental pattern is established in the presomitic mesoderm remains unclear, although the c-hairy-1 expression pattern provides molecular evidence for the existence of a developmental clock linked to segmentation (Cooke 1998) . This is consistent with the Clock and Wavefront model (Cooke and Zeeman 1976) , which proposes that a segmental pattern is established through the interaction of two components that are temporally and spatially regulated. The disruption of Eph family signaling does not affect the establishment of the prepattern, indicating that Eph function is not required for this process. However, the later regulation of her1 expression is disrupted and subsequently, somites fail to form or form aberrantly. This suggests that Eph family signaling is required to translate the prepattern into the events of somite boundary formation and differentiation (Fig. 8) . These processes appear to require the switching off of transcriptional repressors such as her1, and the refinement of expression patterns of signaling molecules such as Delta D.
Anteroposterior polarity exists within the presumptive somites
The expression patterns of ephrin-B2 and EphA4 within the anterior presomitic mesoderm indicate that the presumptive somites are patterned along the anteroposterior axis before boundary formation, as ephrin-B2 is expressed within a posterior domain and EphA4 an anterior domain of the most rostral somite primordia. In addition, the signaling proteins Delta D and FGF-8 also become restricted to the anterior domain of the somite as segmentation occurs (Dornseifer et al. 1997; Furthauer et al. 1997 ; Fig. 6J,N) . In contrast, myoD is expressed in the posterior part of the somite from the 10-somite stage (Weinberg et al. 1996) . These anteroposterior restrictions of Eph, FGF, and Delta signaling proteins before, or as segmention occurs, suggest that anteroposterior patterning of each segment is occurring in the presomitic mesoderm. The existence of an anteroposterior pattern within presumptive somites was also suggested by grafting experiments in chicks, in which a boundary was only seen to form when anterior and posterior somite cells were juxtaposed (Stern and Keynes 1987) .
Expression of EphA4 and ephrin-B2 suggest a role in boundary formation
In Xenopus, chick, rat, and mouse a number of members of the Eph family are expressed in the somites, including EphA3, EphB3, ephrin-B1, and ephrin-A5 (Fletcher et al. 1994; Kilpatrick et al. 1996) . Only EphA4 and ephrin-B2 have been shown previously to be expressed segmentally in the presomitic mesoderm in mouse and chick (Bergemann et al. 1995; Irving et al. 1996) . In zebrafish EphA4 and ephrin-B2 are expressed sequentially along the anteroposterior axis of the embryo within the somitic and anterior presomitic mesoderm. The similarity of the expression patterns of these two genes in zebrafish and higher vertebrates suggest that their function within the presomitic mesoderm may be conserved. In zebrafish somites form by a process of local deadhesion within the presomitic mesoderm (Wood and Thorogood 1994) . As the Eph family of proteins have been shown to mediate an inhibition of cell movement and growth cone collapse (Drescher et al. 1995; Brennan et al. 1997; Wang and Anderson 1997) , and the temporal and spatial expression patterns of EphA4 and ephrin-B2 correlate with boundary formation, these are suitable molecules to play a role in this process of deadhesion. These proteins also play a role in segmentation in the hindbrain (Xu et al. 1995) .
In zebrafish, as a somite boundary forms the cells on either side of the border undergo a shape change from mesenchymal to epithelial (Fig. 4C,D) . As class B ephrins have been shown to be capable of intracellular signaling, the presence of ephrin-B2 in cells on one side of the boundary and EphA4 in cells on the other suggests that bidirectional signaling by way of these molecules could be involved in the cell shape changes required for furrow formation. The Eph family of receptors have been shown to associate with the GTPase rasGAP (Holland et al. 1997 ) and the SH2 domain containing adapter protein Nck (Stein et al. 1998 ), both of which are able to influence cytoskeletal architecture (McGlade et al. 1993) . Also, alterations of both the actin cytoskeleton and microtubules have been visualized in axon growth cones after their exposure to A and B class ephrins (Meima et al. 1997a,b) . These observations show that Eph receptors are capable of affecting the cytoskeleton, and therefore could mediate the cell shape changes required for somite boundary formation. Juxtaposition of EphA4 and ephrin-B2-expressing cells is not the only requirement for boundary formation, as these are also expressed in adjacent cells in the center of each somite where no boundary forms. This suggests that Eph signaling acts coordinately with other processes to bring about somite boundary formation.
Materials and methods
Maintenance of fish
Breeding fish were maintained at 28.5°C on a 14-hr light/10-hr dark cycle. Embryos were collected by natural spawning and staged according to Kimmel et al. (1995) .
cDNA cloning and sequencing
Ephrin-A-L1 was cloned as previously described . For the cloning of ephrin-B2 degenerate primers were designed to conserved regions (FTIKFQE and YYIVQEM) and were used for amplification of a zebrafish neurula stage library. The PCR product was used as a probe to screen the neurula stage cDNA library at low stringency. Individual clones containing the entire open reading frame of ephrin-B2 were isolated (GenBank accession no. AJ004863).
Partial cDNA clones encoding the 5Ј region of the Eph class B receptor EphB-rtk8 coding sequence were isolated after high stringency screening of a random primed 3-to 15-hr zebrafish cDNA library. A 0.2-kb fragment of a previously isolated partial cDNA of EphB-rtk8 (Cooke et al. 1997 ) was used as the probe. The entire open reading frame of EphB-rtk8 was then contained within two overlapping cDNA clones (GenBank accession no. AJ005029).
Cytoskeleton staining
Phalloidin staining was performed as described previously (Whitfield et al. 1996) .
Detection of cell death
Cell death was detected by the method of terminal transferase dUTP nick end labeling (TUNEL, ApopTag In situ Apoptosis Detection Kit, Peroxidase; Oncor Inc.) (Abdelilah et al. 1996) .
Whole mount in situ hybridization and immunostaining
Whole mount in situ hybridization using digoxigenin-labeled anti-sense RNA probes was performed as described (Xu et al. 1994) .
Whole mount and cell alkaline phosphatase binding studies
Whole mount alkaline phosphatase-binding studies were performed as described previously (Cheng and Flanagan 1994; Brennan et al. 1997) .
Quantitative assay for APtag-Eph protein binding to embryos
To quantitate the amount of ectopic protein made after the injection of RNA encoding Eph family proteins we determined the amount of AP fusion protein bound to the embryos using the colorimetric method of Berger et al. (1988; Flanagan and Leder 1990) .
Preparation of synthetic RNA and microinjection of zebrafish embryos
Capped RNA was synthesized by in vitro transcription of linearized plasmids and RNA concentration was determined spectrophotometrically. RNA was injected in a volume of ∼200 pl into one cell of a one-to four-cell stage zebrafish embryo, using a glass capillary needle attached to a Picospritzer. The amount of RNA injected was, for the ligand constructs 60-100 ng/µl, and for the dominant negative receptor constructs 300-400 ng/ µl and 150-200ng/µl for the full-length receptor constructs.
To control for nonspecific effects of RNA injection, ephrin-A-L1 and ephrin-B2 constructs that lack signal sequences were injected. The distribution of injected RNA in vivo was determined by coinjecting with RNA encoding ␤-galactosidase. The two species of RNA broadly segregate together during development (Griffin et al. 1995) , and the distribution of ␤-galactosidase can be determined subsequently by staining for enzyme activity.
